We report the isolation, cloning and expression, in Bacillus subtilis, of the gene coding for thermolysin, a thermostable metalloprotease which is produced by Bacillus thermoproteolyticus Rokko. The nucleotide sequence has revealed that, like neutral proteases produced by other members of the Bacillus species, thermolysin is probably produced as a preproenzyme carrying a typical N-terminal membrane signal sequence. Further, the thermolysin gene shares a strong homology with two other previously cloned genes from two different strains of Bacillus
INTRODUCTION
Thermolysin (EC 3.4.24.27 ), a 34.4 kDa thermostable neutral protease from Bacillus thermoproteolyticus Rokko (Endo, 1962) , is probably the most well-studied member of the zinc endopeptidase family. To date it is one of only four members of this large group of enzymes for which a crystal structure is available, the others being two thermolysin-like enzymes from Bacillus cereus (Paupit et al., 1988) and Pseudomonas aeruginosa (Thayer et al., 1991) and astacin, a digestive enzyme from the crayfish Astacus astacus F (Bode et al., 1992; Gomez-Ruth et al., 1993) . Using the data obtained by the co-crystallization of thermolysin with a wide variety of inhibitors, a precise picture of the active site of the enzyme and its probable mechanism of action have been established (reviewed in Matthews, 1988) . Thus until recently thermolysin has served as a general model for all zinc endo-and amino-peptidases as, despite having often widely different primary structures, most, if not all of these enzymes, appear to have evolved certain similarities in their active sites and to use the same catalytic mechanism. This approach has already led to the design of highly efficient, selective or 'mixed' inhibitors of mammalian zinc peptidases such as angiotensinconverting enzyme (EC 3.4.15 .1), neutral endopeptidase 24.11 (EC 3.4.24.11) and aminopeptidase N (EC 3.4.11.2) (reviewed in Roques and Beaumont, 1990; Roques et al., 1993) .
Site-directed mutagenesis of an enzyme, the structure of which has been as intensively studied as that of thermolysin, can be a powerful method for complementing crystallographic data and determining the exact contribution of individual residues in the binding and catalytic processes. With this in mind, the gene from B. thermoproteolyticus Rokko, which codes for thermolysin, has now been isolated and cloned. Further, the enzyme has been expressed as an active protein in Bacillus subtilis.
stearothermophilus. The sequence of the mature secreted protease, inferred from the DNA sequence, is, with two exceptions, identical with the previously published protein sequence of thermolysin [Titani, Hermodson, Ericsson, Walsh and Neurath (1972) 
(phosphoramidon), was obtained from Sigma Chemicals (Saint-Quentin Fallavier, France). The other inhibitors, DL-3-mercapto-2-benzylpropanolylglycine (thiorphan) and N-[2R,2S]-3-hydroxyaminocarbonyl-2-benzyl-1-oxopropylglycine (HACBOGly), were synthesized in the laboratory as previously described (Roques et al., 1980; Waksman et al., 1985 t To whom correspondence should be sent.
The sequence of the npr gene has been submitted to GenBank and has been assigned the accession number X76986.
Wilts., U.K.) and Bacillus subtilis DBl 17 (lacking neutral protease activity, Emr his, nprR2, nprE18, aprA3, nfr-) (Eijsink et al., 1990) . For work with the bacteriophage Ml3mp 18 (YannishPerron et al., 1982) the Escherichia coli strain TG1 was used. The plasmids used for B. subtilis were pGE501(Cmr) (Eijsink et al., 1990) and pGDV1(Cmr) . B. thermoproteolyticus Rokko was grown in either nutrient or tryptone soya broth at 60 'C. For plates, these media were solidified by the addition of 15 g/l bacteriological agar. B. subtilis was propagated in Luria-Bertani broth containing erythromycin or on Tryptose blood agar base (TBAB) plates also containing erythromycin at 37 'C. To screen for protease activity, skimmed milk (1 %, w/v) was included in the solid medium. B. subtilis protoplasts were regenerated on DM3 plates (Bron, 1990a) . E. coli cultures were grown routinely on Luria-Bertani broth at 37 'C. Antibiotics were added to the medium when required, with erythromycin or chloramphenicol being added to a final concentration of 5 ,tg/ml.
Genomic and plasmid DNA Isolation and manipulation For B. thermoproteolyticus Rokko genomic DNA preparation, bacteria were grown in nutrient broth or tryptone soya broth for 16 h at 60 'C. The cells were harvested and washed (50 mM Tris/HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA) and lysed with lysozyme (4 mg/ml), in the presence of 25 % (w/v) sucrose and 50 mM Tris/HCl, pH 8.0. After subsequent treatment with proteinase K (0.4 mg/ml), the mixture was adjusted to 0.66 % (w/v) SDS and 33 mM EDTA, using a concentrated stock solution. This mixture was then incubated at 37 'C until the lysis was completed. The protein was removed by repeated extraction with equal volumes of phenol/chloroform (1: 1, v/v) and the nucleic acids were recovered by precipitation with propan-2-ol. Finally, the high-molecular-mass nucleic acids were resuspended in 10 mM Tris/HCl (pH 8.0), 1 mM NaCl, 50 mM EDTA.
Plasmid DNA was isolated from B. subtilis by a modified form of the alkaline lysis method described by Bron (1990b) . Further purification of large-scale plasmid preparations from B. subtilis was achieved using a modified poly(ethylene glycol) precipitation method (Nicoletti and Condorelli, 1993) . Extraction and purification of Ml 3mp18 DNA, as well as all other manipulations of DNA, were performed using standard methods described by Maniatis et al. (1989) .
Transformation of B. subtilis DB117
For plasmid transformation, B. subtilis DB1 17 protoplasts were prepared using a method based on that of Chang and Cohen (1979) which has been described by Bron (1990a) .
Oligonucleotides and DNA amplffication
The following oligonucleotides were employed to amplify various parts of the thermolysin gene ( Figure 1 ) using a thermal-cycling apparatus (Techne PHC-3) and a heat-stable DNA polymerase (Vent exo-):
5'-GTTGAATTCTCCCCTGACATCATTG-3' where, Y = C or T, R = A or G, and I = inosine, and underlined sequences represent restriction enzyme recognition sites that are introduced into the amplified sequences.
Routinely 350 ng of B. thermoproteolyticus Rokko genomic DNA was used for an amplification reaction performed in a 50,l volume. The final concentration of Mg2+ in the reaction, after the addition of the genomic DNA, was adjusted to 2.5 mM using a 100 mM stock solution. Other reaction components were present in the following concentrations: 20 mM Tris/HCl (pH 8.8), deoxyribonucleotides (200 ,M each), oligonucleotides (0.25,uM each), 10 mM KCI, 10 mM (NH4)2SO4, 0.1 % (v/v) Triton X-100. The thermal-cycling profile used was as follows: 94°C for 90 s, annealing temperature (an optimized temperature for each pair of oligonucleotides) for 40 s and 72°C for 180 s (except for the final cycle where the polymerization was allowed to continue for 300 s). Temperature shifts were at 1°C/s.
DNA sequence determination and analysis
The amplified DNA fragments were cloned either in M 13mp 18/9 or, in the case of the complete coding sequence, directly in pGDV1. DNA sequencing was performed using the dideoxynucleotide termination method (Sanger et al., 1977) using the Sequenase enzyme (version 2) and [_-33P]dATP. Nucleotide sequences were determined on both strands. The primers used in the amplification reactions served as primers for sequencing, as well as other primers which were specifically designed for this purpose. Nucleic acid and amino acid sequences were analysed using the PC Gene sequence-analysis program (Intelligenetics).
Expression and purification of the extracellular protease B. subtilis DB1 17 cells harbouring the plasmid pTLN2 were grown in Luria-Bertani broth containing 5 mM CaCl2 at 37°C with shaking (180 rev./min.) for 16 h. Thermolysin was purified from the culture supernatant by affinity chromatography using a column (1 cm x 8 cm) of glycyl-D-phenylalanine, coupled to CNBr-activated Sepharose 4B resin following the manufacturer's instructions, and equilibrated in 20 mM sodium acetate, pH 5.5/ 5 mM CaCl2. The culture supernant, obtained by centrifugation of the culture at 6000 g for 10 min, was slowly adjusted to pH 5.5 and passed over the column at a flow rate of 6 ml/h. The column was then washed with the equilibration buffer, followed by the equilibration buffer containing 1 M NaCl, and thermolysin was eluted with the 20 mM sodium acetate buffer (pH 5.5) containing 5 mM CaCl2, 2.5 M NaCl and 20% (v/v) propan-2-ol. Wildtype thermolysin from a commercial source was purified by the same method for comparison. Enzyme purity was assessed by SDS/PAGE using 12 % (w/v) polyacrylamide slab gels. Protein concentration was determined using the method of Bradford (1976 (Kubo and Imanaka, 1988; Nishiya and Imanaka, 1990 ). Further amplification reactions were then performed using other primers which had been designed on the assumption that the thermolysin gene sequence was highly homologous to those of the npr M and S. For the most part, these reactions produced single bands of the expected size, the sequences of which also showed high identity with those of the npr M and S genes. Indeed, the less homologous regions are largely confined to the 5' non-coding region, suggesting that the microbiologically uncharacterized B. thermoproteolyticus Rokko may be a strain of B. stearothermophilus as previously suggested (Priest, 1989 AIIGTGTTAATATTCTAAATACAAAGAATA.AG&GAGATGAAAA ATGAAAATG Figure 3 ) and Gln (Gln351 in Figure 3) respectively. In addition, residues 301 and 302 of the mature enzyme (residues 533 and 534 in Figure 3 ), previously reported as Glx-Glx, were found to be Gln-Glu. The apparent differences, which are unlikely to be due to DNA amplification artefacts, probably result from deamination of the amidated residues under the conditions employed for the protein sequence determination.
Characterization of the recombinant protein
Using the glycyl-D-phenylalanine affinity column, approx. 5 mg of recombinant enzyme was recovered/100 ml of culture supernatant. The overall purification factor was not calculated due to component(s) of the culture medium which inhibited enzyme activity. As previously reported for the neutral protease from B. stearothermophilus CU21 , enzymic activity was stable for at least 6 months when stored at -20°C in the elution buffer. The recombinant enzyme had the same mobility on SDS/PAGE as the wild-type enzyme (Figure 4) Concluding remarks Now that the thermolysin gene has been cloned and expressed it should be possible to refine the description of its active site and mechanism of action, using a combination of site-directed mutagenesis and molecular modelling techniques. Furthermore, judicious alteration of active-site residues may help to explain the widely differing substrate preferences of the enzymes in the thermolysin family, thus advancing the goal of having precise models of the active site of each individual enzyme.
We wish to thank Dr. R. Sharp for his generous gift of B. thermoproteolyticus Rokko.
Equally we are grateful to Professor G. Venema and Dr. V. Eijsink for their gift of pGDV1 and for their helpful advice and to N. Rousselet and N. Parades for their technical assistance. M. J. O'D. was employed as an associate researcher funded by the CNRS.
